The present work compares the performance of two alternative flow models for the simulation of thermal-hydraulic coupled processes in low permeable porous media: non- isothermal Richards' and two-phase flow concepts. Both models take vaporization processes into account: however, the Richards' model neglects dynamic pressure variations and bulk flow of the gaseous phase. For the comparison of the two approaches first published data from a laboratory experiment is studied involving thermally driven moisture flow in a partially saturated bentonite sample. Then a benchmark test of longer-term thermal-hydraulic behavior in the engineered barrier system of a geological nuclear waste repository is analyzed (DECOVALEX project). It was found that both models can be used to reproduce the vaporization process if the intrinsic permeability is relative high. However, when a thermalhydraulic coupled problem has the same low intrinsic permeability for both the liquid and the gas phase, only the two-phase flow approach provides reasonable results.
Introduction
Performing numerical analyses of complex environmental problems and other real world applications, approximations of the governing equations are usually adopted according to specific features of the problem in order to gain an inexpensive computation without losing too much accuracy of the numerical solutions. One example of such an approximation is when less changeable state variables are neglected. Modeling of the thermal-hydro-mechanical (THM) coupled processes in low permeable porous media is a typical problem often requiring such simplifications. Low permeable bentonite-sand mixtures are frequently considered in geological nuclear waste repositories for tunnel back-fill and as an isolating buffer material embedding the disposed spent nuclear fuel assemblies. As a buffer in the Engineered Barrier System (EBS) of a geological nuclear waste repository, the bentonite-sand mixture 2 is initially compacted to a tight, partially saturated porous medium of low permeability. The bentonite buffer swells due to wetting from water intrusion and is subjected to significant changes in temperature conditions during long-term operation of the repository (Alkan and Müller 2008; Börgesson 1985; Börgesson et al. 2001; Chijimatsu et al. 2009; Gens and Alonso 1992) .
To numerically simulate the THM processes associated with bentonite-sand-backfilled repositories, a sophisticated mathematical description of the coupled processes is essential, taking into account non-isothermal two-phase (gas and liquid) flow (Tsang 1991) . However, most of the existing models for the analysis of coupled THM processes in partially saturated geological media are based on the Richards' approach and have frequently been applied to model non-isothermal fluid flow processes associated with back-filled nuclear waste repositories Rutqvist et al. 2008 Rutqvist et al. , 2009 ). In the Richards' approach the gas phase is considered as a passive spectator under constant atmospheric pressure with no bulk gas flow. Vapor can still move within the static gas phase in the form of vapor diffusion caused by the vapor density gradient. The vapor gradient, in turn, depends on the gradients in temperature and capillary pressure.
Typically, some of the THM input parameters are determined by model calibration against small-scale laboratory experiments Chijimatsu et al. 2009 ).
Using such laboratory determined or calibrated input parameters, the Richards' approach has also been applied to model large-scale, multi-year in situ heating experiments, including the FEBEX in situ test at Grimsel, Switzerland (Alonso et al. 2005) , and the Tunnel Sealing Experiment in the URL, Canada (Gou and Dixon 2006) . A good agreement between observed temperature and saturation evolution indicates that the Richards' approach may be adequate for simulating THM processes in these kinds of systems. However, the good agreement may be a result of the fact that the model simulations were carried out with some 3 input parameters calibrated using the same Richards' approach simplification, and doesn't therefore constitute conclusive evidence that a full two-phase flow approach may not be necessary. In particular, the properties dictating the moisture transport under a thermal gradient have to be determined through a delicate model calibration against experiments that involve simultaneous liquid flow and vapor flow along opposite capillary and temperature gradients Chijimatsu et al. 2009 ).
Thermo-hydro-mechanical (THM) modeling is an important analysis tool to other related environmental disciplines such as geothermal reservoir engineering (Bruel 2002; Kohl et al. 1995; Kolditz and Diersch 1993; Kuhn et al. 2002; O'Sullivan et al. 2001) , CO 2 sequestration (Li et al. 2006; Pruess 2008) , applications in soil mechanics (Freiboth et al. 2009; Zhang et al. 2009 ), and soil remediation (Jang and Aral 2009) . Efficient solution of THM coupled problems requires the use of parallel computing (Schrefler et al. 2000; Wang et al. 2009 ).
The main goal of this paper is to systematically investigate the applicability of the Richards' approach and to compare this simplification with full two-phase flow under nonisothermal conditions corresponding to the EBS of a nuclear waste repository. According to the work by Olivella and Gens (2000) , neglecting the gas phase flow in the fluid flow equation for TH coupled processes may cause vapor flux enhancement due to air immobility.
Based on this fact, the purpose of this study is to further investigate the results of the two alternative flow approaches -non-isothermal two-phase flow model and the non-isothermal Richards' equation -for low permeable porous media. The finite element method within the framework of the OpenGeoSys code is utilized to discretize the weak forms of the two non-isothermal flow models. First, a laboratory test carried out at CIEMAT laboratories in Spain (Olivella and Gens 2000; Villar et al. 1997 ) is analyzed to study moisture flow processes under a thermal gradient. The saturation, temperature, and permeability responses 4 are calculated numerically, and compared with measured profiles of saturation and temperature along the sample. In particular, the paper analyzes at which conditions the Richards' simplified approach provides an admissible approximation. Finally, the applicability of the Richards' approach is investigated for the case of long-term thermal-hydraulic processes expected to occur at a generic back-filled nuclear waste repository. This is done by running a benchmark test comparing the results to published numerical data (Rutqvist et al. 2009, DECOVALEX project) .
Theoretical background
As suggested by Sanavia et al. (2006) , capillary pressure p c , gas pressure p g , and temperature T are chosen as primary variables to establish the governing equations for nonisothermal two-phase flow in porous media. The solid skeleton of the porous medium under consideration is assumed to be undeformable.
Mass balance equations
Regarding the mass balance equation for complex fluid flow in porous media, the nonisothermal two-phase flow equations and their simplified form, the Richards' equation are considered.
Non-isothermal two-phase flow
For the presentation of the specific governing equations of interest, initially the general case of non-isothermal compositional two-phase flow in a porous medium is considered.
Within this context, the model accounts for a significant coupling between flow and heat transport processes by temperature-dependent fluid properties and by coupling terms. The 5 fluid mass balance equations under non-isothermal conditions can be derived from the mass conservation law (Kolditz and De Jonge 2004; Lewis and Schrefler 1998; Rutqvist et al. 2001; Sanavia et al. 2006 ). The component form (i.e. summed over phases) of the fluid mass balance equation is
where the subscript k denotes the components of the fluid, e.g. dry air (k = a) and water (k = w), S is saturation, n is the porosity, J is total flux, and Q k is the source/sink term.
For any phase γ = (g, l), the density-like variables ρ 
According to the Darcy equation, the advective part of the total flux can be written as
where k is the intrinsic permeability, k γ rel is the relative permeability, µ γ is the viscosity, p γ is the pressure, ρ γ is the intrinsic phase-averaged density of the respective fluid phase γ, and g is the gravity vector. Analogously, using Fick's law, the diffusion part of the total flux vector can be defined as
where D γ k is the diffusion tensor.
Within the context of phase changes, in the following only vaporization will be considered, whereas effects on the liquid phase due to condensation processes are neglected.
Consequently, the gas phase is assumed to be constituted of dry air and water vapor, and the liquid phase consists solely of the water component. Based on these assumptions, diffusion is observed only in the binary gas phase, and the corresponding diffusion parts of the total flux vectors can be obtained as
(cf. Lewis and Schrefler 1998, and others) . Here, p g k denotes the partial pressure induced by phase change, M a is the molar mass of dry air, M w is the molar mass of water, and M g is the molar mass of the gas phase mixture given by
with the density of the gas phase mixture ρ g , the mass concentration of dry air component 
under the physically appropriate assumption of
Considering the appropriate definition of flux vectors (2), (3) and (5), the mass balance equation for water and water vapor can be written as follows
Since the capillary pressure p c := p g − p l is chosen as a primary variable instead of saturation S of equation (1) and
Within this context, two further assumptions are used: Due to the rigid behavior of the solid skeleton, the porosity does not change, and the liquid water is assumed to be incompressible.
Following the same procedure as for the mass balance equation for water and water vapor, the mass balance equation for the dry air component is derived as:
Analyzing the time derivative term of equation (10) within the context of dependences on capillary pressure and temperature as primary variables yields
According to the Clapeyron equation for an ideal gas and Dalton's law holds
where R is the universal gas constant with a value of 8.314 J/(mol·K). In the unsaturated zone, the equilibrium water vapor pressure is given by the Kelvin-Laplace equation
Thereby, an empirical water vapor saturation function p g ws is used, as given in (Philip and de Vries 1957)
With the constitutive equations (12), (13) and (14), the gas phase density related derivative terms of mass balance equations (9) and (11) are now dependent on the primary variable p c .
In order to enhance the numerical stability, the gas phase density related derivative terms are expanded by the chain rule as follows
Formula (16) represents the spatial variation of the mass transition from liquid phase to gaseous phase, and it prompts that the thermal diffusion term contributes to the Laplacians on the left hand side of equations (9) and (11).
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Non-isothermal Richard's flow
The Richards' model neglects the mobility of the gas phase in the porous medium, i.e. 
Considering equation (16), the vapor flux term can be expressed as
According to , the coefficients on the right hand side of equation (18) can be further simplified as
where f T v represents an enhancement factor for the thermal diffusion term. The variables D pv and D T v denote particular diffusion coefficients given by
with R v = 461.5 J/(kg·K) the specific gas constant, D v the vapor diffusion coefficient, ρ vS the saturated vapor density, and θ = exp(p l /ρ l w R v T ) the relative humidity. The saturated vapor density is given by an empirical function )
Energy balance equation
The heat transport equation for two-phase flow in porous media can be derived from the energy balance (Gray and Hassanizadeh 1991; Kolditz and De Jonge 2004) . The coupling with fluid flow is represented by two convective transport terms (for liquid and gas) in the governing equation as follows
where ρ is the density of the porous medium, K e is the heat conductivity, and Q T is the source term. The effective heat capacity is described by
where C s p , C l p and C g p denote the specific heat capacity of the solid phase, the liquid phase, and the gas phase, respectively.
For the Richards' model, the energy balance takes a simplified form of equation (22) as
2.3 Numerical scheme
The method of weighted residuals is applied to derive the corresponding weak form of the balance equations. Spatially discretizing these weak formulations within the finite element space using the Galerkin procedure and applying a staggered scheme for the coupling terms which are contained in the equations (9), (11) and (22) leads to a system of ordinary differential equations with respect to time derivatives
where the corresponding matrices and vectors for flow and heat transport terms are denoted by subscripts p and T , respectively. The parameters p = (p c , p g ) tr and T stand for fluid pressure unknowns and temperature unknowns at element nodes. The mass and Laplacian matrices are denoted by M and K, respectively, and f is the right hand side vector. For the temporal discretization, the backward Euler or generalized implicit methods are applied.
Considering a relaxation approach for the Laplacian terms, equation (25) can be discretized as follows
where i is the time step index, ∆t = t i+1 − t i denotes time step size, and α ∈ [0, 1] is a relaxation parameter.
The mass matrices M, Laplacian matrices K and right hand sides f are functions of the primary nodal variables p i+1 = (p c , p g ) tr i+1 or T i+1 . Within this context, the fix point or the Picard method is adopted to linearize equation (26). Therefore, for each Picard iteration τ + 1, the solution of equation (26) is given by
with
where τ indicates the previous Picard iteration. 
Simulations and comparison
In this section both the Richards' and full two-phase flow model approaches are applied for the numerical simulation of a laboratory test conducted by Villar et al. (1997) , and then for the simulation of a benchmark test involving longer-term TH processes around a backfilled nuclear waste repository (Barr et al. 2004, DECOVALEX project) . 
CTF1 experiment
In the CTF1 experiment carried out by Villar et al. (1997) , a 10 cm clay sample is subjected to a temperature gradient of 9 • C/cm. The material is partially saturated at the beginning.
Liquid and gas flow are suppressed through the boundaries of the specimen. A numerical 14 model of the experiment was generated as illustrated in Fig. 1 , which shows the selected initial and boundary conditions for flow and heat transport.
For the numerical simulation, the material parameters used by Olivella and Gens (2000) were adapted directly. Within this context, for both unsaturated and two-phase flow models, the same van Genuchten water retention curve (van Genuchten 1980) is applied. The material parameters are given in Table 1 .
According to (Olivella and Gens 2000) , the intrinsic permeability k
with n 0 and k 0 reference values for porosity and intrinsic permeability, respectively, and β a material constant, is a function of the macro porosity n M , which is given by
Relation (29) implies that intrinsic permeability varies with saturation to mimic the interaction between micro and macro porosity in swelling clay.
The column type experiment can be considered as one dimensional problem. Within the context of the spatial discretization, the domain is divided into 270 line elements. The simulations are carried out for the experiment with a total duration of 14 days. Both simulations corresponding to the Richards' and two-phase flow models are conducted under exactly the same parameterization as well as initial and boundary conditions.
According to the definition of the gradient of vapor mass fraction in gas, the low intrinsic permeability gives rise to a low vapor mass fraction gradient, and consequently leads to a small drying effect induced by the temperature gradient (cf. Olivella and Gens 2000) .
To investigate the behavior of the two non-isothermal flow models applied to the drying problems in porous media, the thermal and hydraulic coupled processes have been simulated 15 in this experiment with three different values of the intrinsic permeability parameters of expression (29), which range from relative large ones, k 0 = 10 −11 m 2 and k 0 = 10 −13 m 2 , to a very small one k 0 = 10 −18 m 2 . With each of the three selected k 0 values, several simulations are conducted varying the coefficient β to best match the experiment data. The simulations results show that with the decrease of k 0 , the value of β should be decreased as well in order to achieve a better agreement between the simulation results and the experimental data.
Corresponding to the three selected k 0 values of 10 −11 , 10 −13 and 10 −18 m 2 , was found that β = 7, β = 4.2 and β = 0 provide the best fit with the data.
Results with high intrinsic permeability
Firstly, results using the high intrinsic permeability values of k 0 = 10 −11 m 2 and k 0 = 10 −13 m 2 are discussed within the context of the comparison of two non-isothermal numerical approaches: two-phase flow model and its Richards' approximation. The latter value, k 0 = 10 −13 m 2 , is the same as the one used in the work by Olivella and Gens (2000) . In approach results in a slightly higher permeability on the heated side and a smaller permeability on the cool side compared with the two-phase approach.
From Fig. 3 can be seen that the saturation results obtained with two values of permeability, k 0 = 10 −11 m 2 and k 0 = 10 −13 m 2 , are almost identical, and they both agree well with the experimental results presented by Olivella and Gens (2000) . However, in the case of a lower permeability (k 0 = 10 −11 m 2 , β = 4.2), the drying is slightly stronger leading to a slightly lower saturation at the end of the 14-day experiment. It can be clearly seen that vaporization occurs on the heated side, i.e., the saturations are decreasing with time. Both the unsaturated and two-phase flow model results at 14 days match the measured data well except in the vicinity of the heating boundary condition. The results in Fig. 4 indicate that in this type of problem the Richards' model results in a lower saturation on the heated side and a slightly higher saturation on the cold side. Overall, however, the saturation results by both flow models are quite close to each other. The simulated temperature profiles by both flow models are almost identical as shown in Fig. 5 . However, after 14 days of heating, the two-phase flow approach shows a slightly stronger advection effect than the Richards' approach when the intrinsic permeability is lower (see Fig. 5a ).
The situation is reversed when the intrinsic permeability is higher (see Fig. 5b ). 
Results with low intrinsic permeability
As mentioned above, for the case of low intrinsic permeability a reference value of k 0 = 10 −18 m 2 is chosen. With this value, no simulation result can be obtained that fits the experimental data very well regardless of which value of β is used. Only if β is zero, the result of two-phase flow simulation is roughly close to some experimental data, but the Richards' simulation never gives reasonable results. This is demonstrated in Fig. 6 for the saturation profile. A value of β = 0 implies that the intrinsic permeability for gas flow at S g = 1 is 22 equivalent to the intrinsic permeability for liquid flow at S l = 1, and that the intrinsic permeability does not change with saturation (see Eqn. (29)). Fig. 6 shows that for the same input parameters, there is less drying in the case of the full two-phase flow calculation. This is because in the two-phase flow calculation the gas pressure goes up at the hot end and thereby suppresses more drying. In the Richards' approach, the gas pressure is assumed constant, meaning this phenomenon is not accounted for.
Distance from the hot side [m] Contrary to saturation results, the temperature distributions in the domain obtained by the two-phase flow approach and the Richards' flow approach are similar as shown in Fig. 7 23 Fig. 8 Model domain for a benchmark test of a bentonite back-filled horizontal emplacement drift at 500 m 3.2 Benchmark of longer-term TH processes around a nuclear waste repository As a second example, the longer-term TH processes occurring in the EBS of a geologic nuclear waste repository are considered by modeling a benchmark test that was originally part of the DECOVALEX-THMC project (Barr et al. 2004; Rutqvist et al. 2008 Rutqvist et al. , 2009 ). In the DECOVALEX-THMC project, this case was defined as FEBEX type of repository, because the geometry and material properties are based on those at the FEBEX in situ test conducted at the Grimsel Test Site in Switzerland. The geometry of the FEBEX type repository model 24 considered in the DECOVALEX benchmark test is depicted in Fig. 8 , where several specific observation points for state variables are shown. Some of the key properties for the bentonite and rock are given in Tables 2 and 3 . (12) with molar mass of air kg/m 3 A time-depending heat power function is given in order to describe the heat source condition of the nuclear waste canister. The given heat source is converted into a heat flux boundary condition uniformly distributed on the boundary of the canister, and its evolution is depicted in Fig. 9 .
Regarding the bentonite, in contrast to the very low intrinsic permeability of the liquid phase, the gas phase is assumed to have a higher saturation-dependent intrinsic permeability, which takes the form with e, the void ratio, chosen to 1.44. A detailed description of the model set-up can be found in ).
Figs. 10 and 11 show the calculated evolution of temperature and saturation at selected output points V1 (in bentonite at canister surface), V3 (at bentonite-rock interface), V6 (in the rock 25 m from the canister). The GeoSys results are compared with those calculated with two other codes ROCMAS ) and TOUGH-FLAC (Rutqvist et al. 2002) . The ROCMAS and TOUGH-FLAC codes are using Richards' and full two-phase flow approaches, respectively. Consequently, a code-to-code comparison can be performed in addition to the comparison of the two alternative modeling approaches. Heat flux boundary condition on the canister surface (Barr et al. 2004; Rutqvist et al. 2009) the results of the various models may be attributed to slight variations in the input properties for the bentonite, which may depend on the modeling approach used. Moreover, the way the codes interpolate the original heat output curve can also lead to some of the observed differences (cf. Rutqvist et al. 2009 ). However, the overall results indicate that both the Richards' and the full two-phase approaches are adequate in this case. The main reason is that the gas permeability is orders of magnitude higher than the liquid flow permeability. This is in agreement with the results obtained for the laboratory experiments, which indicated that both Richards' and two-phase flow models would be adequate when intrinsic permeability is relatively high. 
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In the present study two common approaches for the simulation of non-isothermal flow processes in partially saturated porous media have been investigated: Richards' and two-phase flow model approaches. These approaches are widely used to study thermal-hydraulic processes in the near field of heat emitting waste deposited in geological formations including the impact on buffer materials such as bentonite for waste isolation. In this context, the understanding of vaporization phenomena due to increasing temperatures in low permeability porous media is important in order to unveil the influence of gas phase behavior on drying processes. The difference in the two approaches lies in the treatment of the gaseous phase. Two-phase models include the dynamic behavior of both fluid phases whereas in the Richards' model the gaseous phase is a passive (static) spectator.
For the comparison of the two approaches initially literature data from a laboratory experiment involving thermally driven moisture flow in a partially saturated bentonite sample have been studied. This experiment was simulated for the case that both liquid and gas phases have the same intrinsic permeability. Following, a benchmark test of longer-term thermal-hydraulic behavior in the EBS of a geological nuclear waste repository has been analyzed, which was characterized by a high gas intrinsic permeability. The findings show that both models can be used to reproduce the vaporization process if the intrinsic permeability is relative high. If a thermal-hydraulic coupled problem has the same low intrinsic permeability for both liquid and gas phases, only the two-phase flow approach can provide fairly reasonable results. The presented work provides an in depth insight into the validity of different non-isothermal flow models which is an important prerequisite for environmental safety assessment studies.
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List of Figure Captions 11. Figure 11 : Saturation variation at point V1
